Introduction
Clinical investigation has found that depression in humans is characterized by a set of behavioral and neurophysiological features. These include disturbances of normal wake-sleep patterns, loss of interest in pleasurable activities and alterations of 5-HT neurotransmission. Impairment of the 5-HTergic system is implied by several findings, including that depressed suicides have increased 5-HT 1a receptors and decreased 5-HT transporters (Arango et al., 1990; Hrdina et al., 1993; Arango et al., 1995; Mann et al., 2000; Pandey et al., 2002; Boldrini et al., 2005) . Anti-depressants such as selective 5-HT reuptake inhibitors and monoamine oxidase inhibitors target 5-HTergic alterations by enhancing the effect of this neurotransmitter (Wilson and Argyropoulos, 2005) .
Recent studies have found that orexins, wake-promoting peptides synthesized in neurons of the perifornical region and lateral hypothalamus, activate 5-HT neurons and are associated with stress regulation (Winsky-Sommerer et al., 2004) . We have recently found that the orexinergic system is altered in a prospective animal model of insomnia and stress-related behaviors (Feng et al., 2007) .
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Orexins, including orexin A and B isolated from the hypothalamus (de Lecea et al., 1998; Sakurai et al., 1998) , were originally studied as part of the hypothalamic network of energy homeostasis and were found to promote wakefulness and suppress sleep (Trivedi et al., 1998; Espana et al., 2001) . Several studies have uncovered links between orexin and 5-HT. For example, both orexin A and B induce dose-dependent inward currents in most 5-HT neurons. At higher concentrations, orexins also increase spontaneous postsynaptic currents in 5-HT neurons. Orexins excite 5-HT neurons directly via TTX-insensitive, Na ϩ /K ϩ nonselective cation currents (Brown et al., 2002; Liu et al., 2002) . These facts suggest that the deficiency of 5-HT implicated in depression might be associated with a deficiency of orexinergic neurons and that animal models of depression might have altered orexin levels in the brain. However, studies of orexin in depression have been limited to CSF quantification in humans (Salomon et al., 2003) and immunohistochemical and morphological methods in rats (Allard et al., 2004) . Thus, a better quantitative study of orexinergic alterations in animal models of depression is needed.
Several animal models have been established to better understand the neural mechanisms of depression (Nestler et al., 2002 ). An ideal model for this purpose would have well-defined and longlasting behavioral and molecular features of unipolar depression. The model made by neonatal administration of clomipramine (CLI), a commonly prescribed anti-depressant known to inhibit reuptake of multiple aminergic neurotransmitters including 5-HT, norepinephrine and dopamine, has features that best fulfill the aforementioned requirement. This model (called the CLI rat) has been proposed as a preclinical model of endogenous depression (now called major depressive disorders with melancholic features) (Vogel and Vogel, 1982; Vogel et al., 1990b) . The CLI rat exhibits diminished sexual activity (Mirmiran et al., 1981; Mirmiran et al., 1983; Neill et al., 1990; Velazquez-Moctezuma et al., 1993; Bonilla-Jaime et al., 1998; Feng et al., 2001) , decreased pleasure-seeking behavior measured by intracerebral self-stimulation, (ICSS) (Vogel et al., 1990c) , increased alcohol intake (Hilakivi et al., 1984; Hilakivi et al., 1988; Dwyer and Rosenwasser, 1998; Brower, 2003) and increased immobility in the forced swim test (Hilakivi et al., 1988; Velazquez-Moctezuma and Diaz Ruiz, 1992) , which is commonly used by pharmaceutical companies to assess the efficacy of anti-depressants. Sleep disturbances are also a feature of the CLI rat. These include increased percentage of rapid eye movement (REM) sleep in total sleep (Mirmiran et al., 1981; Vogel et al., 1990a) and decreased REM latency (Mirmiran et al., 1981; Mirmiran et al., 1983; Vogel et al., 1990a) . Such changes are consistent with sleep disturbances found in human depression, most notably increased REM sleep propensity (Salin-Pascual, 2002; Brower, 2003; Riemann and Voderholzer, 2003; Fava, 2004) . The CLI rat also has decreased levels of 5-HT in the frontal cortex, hypothalamus, hippocampus and brain stem (Feenstra et al., 1996; Vijayakumar and Meti, 1999) , reduced 5-HT dorsal raphé nucleus (DRN) neuronal firing rates (Kinney et al., 1997) and hyporeaction of 5-HT neurons to 5-HT reuptake blocker (Maudhuit et al., 1996) . Additionally, this model also shows a reduction of ERK phosphorylation in the frontal cortex and hippocampus (Feng et al., 2003) , which is comparable to findings from human suicide victims (Dwivedi et al., 2001) .
In the following study, we tested our hypothesis by quantifying orexin levels in the CLI model during both the juvenile period and the expression of the depressive phenotype in adulthood.
Materials and methods

Experimental design
Male Long Evans rats were used in this study. All procedures were approved by the Institutional Animal Care and Use Committee (IACUC) of Case Western Reserve University and the Louis Stokes Cleveland VA Medical Center. Neonatal rats were treated with either CLI or saline (SAL) to produce the rat model of depression and its control.
Neonatal treatment
Eighty-three male rat pups were acquired at the age of two days with companion mothers from Harlan Sprague Dawley, Inc (Indianapolis, IN). Pups were cross-fostered on the following day and assigned to either the CLI or SAL group. Consistent with our previous publication (Feng et al., 2003) , rat pups in the CLI group were subcutaneously injected with CLI (20 mg/kg, twice daily) and those in the SAL group were similarly treated with equivolume saline. The treatment was conducted from postnatal day 8 through 21. During the treatment period, rat pups were separated from their mothers only while receiving injections. Rats were weaned at 24 days of age and thereafter group-housed in our animal facility under standard conditions.
Forced swim test
Eleven SAL and 14 CLI rats were tested for forced swimming behavior at four months of age using the method of West and Weiss (1998) . A transparent plastic tank of height 71 cm and outside perimeter of 152 cm was filled halfway with 25°C water. Immediately prior to each test, a small piece of jumbo bubble wrap was secured to the back of the rat with a fabric hook-and-loop fastener strapped around the trunk of the body. A single rat was randomly selected and placed into the tank for 30 minutes, during which an observer scored its swimming behavior. Immobility was judged when the rat made only slight movements of its forelimbs required to keep its nose above the surface. A stopwatch was activated at the start of each immobile period and stopped during mobile periods. Coordinated movements of hindlimbs and forelimbs were considered indicators of mobility. At the conclusion of the test, the rat was removed from the tank and returned to its home cage and the cumulative immobile time was recorded. Each rat was identified only after completing the swim test. All tests were conducted between 9:00 am and 12:00 noon. All rats were subjected to the swim test twice over the course of two days.
Brain tissue collection and peptide extraction
In order to avoid possible effects from the behavioral test, rats that had undergone swim testing were not used in the molecular quantification.
Eighteen SAL and 18 CLI rats were sacrificed at the age of 35 days, and 12 SAL and 10 CLI rats were sacrificed at the age of three to four months. Rats were sacrificed by decapitation between 9:00 and12:00 am. Brain samples were dissected from the frontal cortex, parietal cortex, hippocampus, hypothalamus, thalamus, midbrain, pons and medulla, according to definitions described in our previous publications (Feng et al., 2007) . The tissues were weighed and processed in two different ways. One set of samples collected from juvenile SAL (n ϭ 7) and CLI (n ϭ 7) rats were processed according to an early commercial protocol (Phoenix Pharmaceuticals, Inc., Belmont, CA,USA). These samples were acidified with 1% trifluoroacetic acid (TFA) and loaded onto a C18 Sep-Column (Waters Corp., Milford, MA,USA). Peptides were eluted with 1% TFA/40% acetonitrile. The eluants were then dried and resuspended in radioimmunoassay (RIA) buffer before assay. This set of samples was used to quantify orexin B. The rest of the samples were processed according to a modified protocol from the same company. 0.5 Mol acetic acid with a volume equal to 10 times the tissue weight was added to each tube. The microtubes were then moved to a boiling water bath for 10 minutes. After removing the tissue blocks, the microtubes were centrifuged for 30 seconds at 5500 rpm. The remaining supernatants (containing total peptides) were air-dried under a hood at 60°C and subsequently stored at Ϫ80°C for future use.
Radioimmunoassay (RIA)
Both orexins A and B in juvenile rats and orexin B in adult rats were measured by RIA. RIA kits for detecting orexins A (#RK-003-30) and orexin B (#RK-003-32) were obtained from Phoenix Pharmaceuticals, Inc., and the standard protocol provided with the kits was followed. Orexins were detected by 125 I-peptide. After completion of each assay, the radioactivity of each tube was determined by a gamma counter, Cobra II Auto-Gamma (Packard Instrument Company, Downers Grove, IL, USA). Sample values were compared to a standard curve and interpolated using GraphPad Prism software (San Diego, CA). Orexin levels were calculated as the value of pg/mg wet tissue.
Enzyme-linked immunoassay measurement of orexin A
Adult brain levels of orexin A were quantified by enzyme-linked immunoassay (ELISA) with a standard kit (#EK-003-30) obtained from Phoenix Pharmaceuticals, Inc. The choice of ELISA was intended to minimize the usage of radioactive materials and made because both ELISA and RIA methods used to quantify orexin have been evaluated by others (Lin et al., 2002) . After following the standard protocol provided with the kit, optical densities of the 96well microplates were read by an assay reader, FLUOstar (BMG LabTech, Germany). Peptide values were calculated as the value of pg/mg wet tissue.
Data analysis and Statistics
Two-way (region X treatment for brain levels of peptides and test X treatment for immobile time) ANOVAs were used for all statistical evaluations. In order to minimize the probability that the large variation in peptide levels between brain regions would mask differences due to treatment, brain regions that were found to have extremely low or high levels were analysed apart from the other regions. However, large variations remained between regions. To avoid overuse of t-tests, post hoc analyses were included with each ANOVA. All pairwise multiple comparison procedures (Bonferroni t-test) were used for further analysis of test-specific and regionspecific differences. Data are presented as mean Ϯ standard error.
Results
Immobility measured in the forced swimming test
The forced swim test has been recognized as an effective method for screening anti-depressants and, thus, a reasonable method for evaluating depressive behavior in animal studies (Nestler et al., 2002) . Eleven SAL and 14 CLI rats were each tested twice for immobility. The mean immobile times were 15.93 Ϯ 0.98 versus 19.97 Ϯ 0.63 min for SAL and CLI in test 1, and 15.72 Ϯ 1.18 versus 20.31 Ϯ 0.75 min in test 2 (Figure 1) . Compared with the mean immobile times of the SAL group, the CLI group had an increase of 25.34% in the first test and 29.18% in the second test. A two-way ANOVA confirmed a statistically significant difference (F ϭ 24.375, P Ͻ 0.001). All pairwise multiple comparison procedures (Bonferroni t-test) found that differences were significant in both tests 1 (tϭ 3.268, P ϭ 0.002) and test 2 (t ϭ 3.714, P Ͻ 0.001). These results are consistent with literature, which reports that neonatal treatment with CLI produces depressive behaviors in adulthood (Vogel et al., 1990b; Velazquez-Moctezuma and Diaz Ruiz, 1992) .
Orexin levels in juvenile CLI and SAL rats
To determine whether changes of orexin levels occurred prior to the emergence of depressive pathology in adulthood, orexins were quantified in juvenile (35 days old) SAL and CLI rats. Both orexins A and B were quantified by RIA because this method is more sensitive than ELISA and is better able to detect the lower levels of peptides observed in juvenile rats.
Orexin A levels were found to be considerably higher in the hypothalamus and the regions within the brain stem, including the medulla, pons and midbrain. A two-way ANOVA found that the differences between treatment groups (SAL n ϭ 10 and CLI n ϭ 11) approached significance in these regions (P ϭ 0.083). However, pairwise multiple comparison procedures (Bonferroni t-test) found significant region-specific differences between groups (t ϭ 3.039, P ϭ 0.004). Specifically, the mean level of orexin A in the CLI group was significantly lower than the SAL group in the pons (tϭ 2.914, P ϭ 0.005) and hypothalamus (t ϭ 3.348, P ϭ 0.001) (Figure 2a ). Orexin A levels in the other measured regions were generally much lower. Of the four cortical areas (frontal cortex, parietal cortex, temporal cortex and occipital cortex), the level of orexin A in the CLI group was significantly lower in the frontal cortex (t ϭ 2.344, P ϭ 0.021) (Figure 2b) . Thus, the juvenile CLI rats had significantly lower levels of orexin A in the pons, hypothalamus and frontal cortex than the SAL rats.
To determine orexin B levels in juvenile SAL and CLI rats, the hypothalamus was further dissected into the anterior hypothalamic (AH) area; ventromedial hypothalamic (VMH) nucleus; posterior hypothalamic (PH) area and lateral hypothalamic (LH) area. The levels of orexin B in the CLI group were lower in the PH and LH areas, but significantly so only in the LH area (P Ͻ 0.05), compared with the SAL group (Figure 3) . We then evaluated eight other brain regions including the medulla, pons, midbrain, thalamus, septum, striatum and amygdala and separately evaluated the frontal cortex with a t-test. The two-way ANOVA found a statically significant difference between the eight regions (Treatment x Region, F ϭ 3.921, P Ͻ 0.001). Pairwise multiple comparison procedures (Bonferroni t-test) found that orexin B levels in the CLI group were significantly lower than the SAL group in the septum (t ϭ 3.672, P Ͻ 0.001), thalamus (t ϭ 3.553, P Ͻ 0.001) and amygdala (t ϭ2.640, Pϭ 0.01). However, considerable mean differences in the medulla were not significantly different (t ϭ 1.731, P ϭ 0.087) ( Figure 4 ). Evaluation of frontal cortex showed that the CLI group had a significant reduction of orexin B compared with the SAL group (t ϭ 1.796, P ϭ 0.004).
Orexin levels in adult CLI and SAL rats
Orexin A levels in adult SAL (n ϭ 10) and CLI (n ϭ 8) rats were measured by ELISA. Overall, hypothalamic levels of orexin A were considerably higher than all other measured regions in both groups. A two-way ANOVA found that the overall difference in the mean values between treatments was not significant. However, there was a statistically significant interaction between region and treatment (F ϭ 4.245, P Ͻ 0.001), which may be a result of differences between the hypothalamus and the other brain regions. All pairwise multiple comparison procedures (Bonferroni t-test) found that the difference between treatments within hypothalamus was significant (t ϭ 5.179, P Ͻ 0.001). The mean level of hypothalamic orexin A was 75.32% higher in the CLI group (8.32 Ϯ 1.52 pg/mg) than the SAL group (4.74 Ϯ 0.84 pg/mg) ( Figure 5) . 
Figure 2
Brain levels of orexin A in juvenile rats (35 days old) neonatally treated with either CLI or SAL. In the pons and hypothalamus, orexin A was significantly decreased in the CLI group (a). Among the cortical areas, thalamus and hippocampus, orexin A levels in the CLI group were significantly decreased only in the frontal cortex (b). **P Ͻ 0.005; ***P Ͻ 0.001.
Orexin B levels in adult SAL (n ϭ 12) and CLI (n ϭ 10) rats were quantified using RIA because no ELISA kit for the measurement of orexin B was available. A two-way (Treatment X region) ANOVA found that the overall difference in the mean values between treatments was significant (F ϭ 2.005, P ϭ 0.042). Pairwise multiple comparison procedures (Bonferroni t-test) found that the difference between treatments within the hypothalamus was significant (t ϭ 4.073, P Ͻ 0.001). That is, the mean level of orexin B in the hypothalamus was significantly higher in the CLI group (19.77 Ϯ 3.56 pg/mg) than the SAL group (12.30 Ϯ 0.82 pg/mg) ( Figure 6 ). Orexin B was increased by 60.79% compared with that of the SAL group.
Discussion
Consistent with previous findings from studies utilizing this model, the CLI group had significantly longer mean immobile times than the SAL group (Vogel et al., 1990b) . This result confirms that we were able to produce animals that expressed depressive phenotypes.
The major finding of this study was that administration of the anti-depressant CLI during the neonatal period had paradoxical effects on orexins at 35 days of age and adulthood. The juvenile CLI rats were found to have significantly lower brain levels of both orexins A and B, whereas the adults did not. In fact, adult levels of orexins were actually increased in the CLI rats. This effect was found at three to four months of age, which corresponds chronologically to the time that depressive phenotypes are often found in humans. This is the first time that brain levels of orexins are reported in any model of depression. These data suggest that alterations of the orexinergic system may play a role in the development of depression.
Orexin alterations in juvenile rats
An important finding is that both orexins A and B were significantly decreased in juvenile CLI rats, but this pattern was reversed in the adults. In acute studies, orexins have been reduced by monoaminergic neurotransmitters, such as those produced by 5-HTergic (Muraki et al., 2004) , dopaminergic and noradrenergic neurons (Li and van den Pol, 2005) , and increased by forced motor (swim) activity (Martins et al., 2004) , fasting and insulin-induced hypoglycemia (Lopez et al., 2000; Cai et al., 2001; Karteris et al., 2005) and/or CRH (Winsky-Sommerer et al., 2004) . Motor activity is a strong activator of orexinergic neurons (Torterolo et al., 2003) . These facts suggest that alterations of brain orexins at the age of 35 days were likely extensions of an acute effect, even though orexin measurement occurred 14 days after the last injection. This possibility
Figure 4
Brain levels of orexin B in juvenile rats (35 days old) neonatally treated with either CLI or saline (SAL). Orexin B was significantly decreased in multiple brain regions including the frontal cortex, septum, thalamus and amygdala. **p Յ 0.01; ***p Ͻ 0.001.
Figure 5
Brain levels of orexin A in adult rats neonatally treated with CLI or SAL. Orexin A was significantly increased in the hypothalamus but not other measured brain regions. ***P Ͻ 0.001.
Figure 6
Brain levels of orexin B in adult rats neonatally treated with CLI and SAL rats. Hypothalamic levels of orexin B was significantly increased in the CLI rat compared with the SAL rat. *** p Ͻ 0.001. is further supported by recent results obtained in our laboratory which show that three doses of CLI administered over 24 hours induced a significant reduction of orexin B in the hypothalamus (in preparation).
Adult changes in orexins
Another major finding in this study is that both orexins A and B levels in the hypothalamus were increased in the adult CLI rat. These results do not support our hypothesis that orexin levels are decreased in depression, but partially match the findings of increased hypothalamic levels of orexin A in a rat model of chronic stress (Feng et al., 2007) . These surprising results may be explained by the orexinergic-monoaminergic feedback loop, which appears to be a closed circuit. Orexins have been found to excite monoaminergic neurons (Brown et al., 2002; Liu et al., 2002) , whereas monoamines suppress orexinergic neurons (Muraki et al., 2004; Li and van den Pol, 2005) . Consistent with the findings from human studies, monoamines are suppressed in the CLI model. These rats have been found to have reduced brain levels of monoamines in the frontal cortex, hypothalamus, hippocampus and brainstem (Feenstra et al., 1996; Vijayakumar and Meti, 1999) , hyporeaction of 5-HT neurons to 5-HT reuptake blocker (Maudhuit et al., 1996) and decreased 5-HT DRN firing rate (Kinney et al., 1997) . It is plausible that the increased brain levels of orexins may be a result of disinhibition from defective aminergic neurons.
Interestingly, the increased brain levels of orexins A and B in adult CLI rats are compatible with many of the sleep features associated with depression, particularly chronic insomnia (Riemann et al., 2002; Tsuno et al., 2005; Becker, 2006; Lam, 2006) because orexins promote wakefulness and suppress sleep (Espana et al., 2001) . Depressed patients have also been found to benefit from sleep deprivation even though they regularly experience sleep disturbances (Vogel et al., 1968; Vogel, 1975) . Additionally, most antidepressants up-regulate the 5-HT system and deprive sleep. These facts are noteworthy in light of the known effects of orexins on wake-sleep regulation and the 5-HT system and support a possible role for orexin in adult depression, and the sleep disturbances that often accompany the disorder. The results are also surprising, however, as they show significant increases of orexins, whereas previous studies with this model have found only longer mean and maximum duration of wakefulness without dramatic reduction of total sleep (Vogel et al., 1990a) . These seemingly controversial data may lead to a new understanding of how orexins work together.
An important question raised by these findings is specifically how the reduced orexin levels during the juvenile period were upturned to produce depressive symptoms in adulthood. Unfortunately, current evidence is insufficient to adequately explain this mechanism. Several possibilities exist, including that increases in adulthood represent a compensatory process in response to early decreases. However, the data indirectly suggest that blockage of the orexin-5-HT feedback loop may play a role in this patho-development. We postulate that the early reduction of orexins leads to decreased excitation of 5-HTergic neurons, effectively withdrawing feedback inhibition of orexinergic neurons. This hypothesis requires further testing.
Significance of orexin changes in the CLI rat
Our findings of increased brain levels of orexins in the adult CLI rat suggest that orexin changes are likely involved in depression. Furthermore, this involvement may be associated with sleep disturbances commonly found in depression, as these symptoms are consistent with the known effects of orexin. However, such speculation is only preliminary. These results also provide new insights for further investigation of the neurobiological regulation of sleep disturbances in depression, particularly chronic insomnia. Despite the benefits of these findings, however, further study of the involvement of orexin in human depression is greatly needed.
